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Abstract 
7RVWXG\WKHYRUWH[VWDWHVLQ%L6U&D&X2\%LKLJKTFVXSHUFRQGXFWRUZLWKSHULRGLFDUUD\RIDQWLGRWVZHKDYHPHDVXUHG
WKHcD[LVFULWLFDOFXUUHQWLQDVWDFNRIWKHLQWULQVLF-RVHSKVRQMXQFWLRQVZLWKDVTXDUHODWWLFHRIDQWLGRWVZKLFKJLYHVXVLQIRUPDWLRQ
RQ WKH cD[LV FRUUHODWLRQ RI WKH SDQFDNH YRUWLFHV:LWKRXW WKH DQWLGRW DUUD\ WKH cD[LV FULWLFDO FXUUHQW FDQ SUREH WKH ILUVWRUGHU
YRUWH[ODWWLFHPHOWLQJWUDQVLWLRQ$GGLWLRQDOO\DVXSSUHVVLRQRIWKHFULWLFDOFXUUHQWLQWKHYLFLQLW\RI]HURPDJQHWLFILHOGLVIRXQG
ZKLFK PD\ EH UHODWHG WR WKH LQVWDELOLW\ RI YRUWH[ ODWWLFH XQGHU WKH SDUDOOHO FXUUHQW IORZ :LWK WKH VTXDUH ODWWLFH RI DQWLGRWV
HQKDQFHPHQWVRIWKHFULWLFDOFXUUHQWGXHWRWKHPDWFKLQJHIIHFWDUHREVHUYHGLQERWKWKHLQWHJHUDQGIUDFWLRQDOPDWFKLQJILHOGV%\
PDSSLQJWKHFULWLFDOFXUUHQWRQHTGLDJUDPWKHLQIOXHQFHRIWKHPDWFKLQJHIIHFWRQWKHSKDVHERXQGDU\RIYRUWH[VROLGDQGOLTXLG
LVVKRZQ

3XEOLVKHGE\(OVHYLHU/WG6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI,663URJUDP&RPPLWWHH

.H\ZRUGV0DWFKLQJHIIHFW$QWLGRWODWWLFH9RUWH[%L
1. Introduction 
:KLOHWKHIXQGDPHQWDOSURSHUWLHVRQWKHYRUWH[SKDVHVLQKLJKTFVXSHUFRQGXFWRUVKDYHEHHQUHYHDOHGE\H[WHQVLYH
UHVHDUFKHVLQWKHODVWWZRGHFDGHVKRZWRDUWLILFLDOO\FRQWUROWKHYRUWH[VWDWHVDQGG\QDPLFVLVDQLPSRUWDQWQH[WLVVXH
WRXQGHUVWDQGWKHYRUWH[PDWWHUGHHSO\DQGUHFRJQL]HWKHLUSRWHQWLDOIRUDSSOLFDWLRQV,QWURGXFWLRQRIPLFURIDEULFDWHG
SLQQLQJ FHQWHUV LH DQWLGRWV RUPDJQHWLF GRWV LV RQH RI WKH XVHIXO DSSURDFKHV IRU DUWLILFLDOPRGLILFDWLRQV RI YRUWH[
VWDWHVZKRVHLQIOXHQFHKDVEHHQVWXGLHGLQILOPVRIFRQYHQWLRQDOVXSHUFRQGXFWRUV>@,QWKHFDVHRIUHJXODUDUUD\RI
SLQQLQJFHQWHUVOLNHVTXDUHUHFWDQJXODURUWULDQJXODUODWWLFHPDWFKLQJHIIHFWVDUHQRUPDOO\REVHUYHGDVHQKDQFHPHQWVRI
YRUWH[ SLQQLQJ LQ WKH LQWHJHU PXOWLSOHV RI H LQ YDULRXV H[SHULPHQWV YRUWH[IORZ UHVLVWDQFH FULWLFDO FXUUHQW
PDJQHWL]DWLRQDQGVRRQ+HUHHLVWKHILUVWPDWFKLQJILHOGZKHUHWKHGHQVLW\RIYRUWLFHVFRLQFLGHVZLWKWKDWRISLQQLQJ
FHQWHUV
7KH LQIOXHQFHRI WKHUPDO IOXFWXDWLRQ LVPRUH LPSRUWDQW LQ WKHYRUWH[ VWDWHRI KLJKTF VXSHUFRQGXFWRUV'XH WR WKH
FRPSHWLWLRQEHWZHHQYRUWH[YRUWH[ LQWHUDFWLRQ WKHUPDOIOXFWXDWLRQDQGDUWLILFLDOSLQQLQJZHPD\H[SHFWQHZYRUWH[
EHKDYLRUVZKLFKDUHGLIIHUHQWIURPWKRVHLQFRQYHQWLRQDOVXSHUFRQGXFWRUV$FWXDOO\ZHKDYHVWXGLHGWKHLQIOXHQFHRI
SHULRGLF DUUD\V RI DQWLGRWV LQ %L6U&D&X2\ %L KLJKTF VXSHUFRQGXFWRU E\ DSSO\LQJ WKH DUWLILFLDO IDEULFDWLRQ
WHFKQLTXHV7KHPDWFKLQJ HIIHFW LQ WKH LQSODQH YRUWH[IORZ UHVLVWDQFHZDV REVHUYHG LQ WKH VDPSOHVZLWK HTXLODWHUDO
WULDQJXODUDQGVTXDUHDQWLGRWVDUUD\V >@DQGHYHQZLWKWLQ\VXUIDFHVWUXFWXUHV >@XVLQJ%LVLQJOHFU\VWDOILOPV

&RUUHVSRQGLQJDXWKRU7HOID[
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ZKLFKDUHSUHSDUHGE\DUHSHDWRISHHOLQJWRNHHSWKHTXDOLW\RIVLQJOHFU\VWDOV0RUHRYHUWKHGLDPHWHUGHSHQGHQFHRI
WKHPDWFKLQJHIIHFWZDV V\VWHPDWLFDOO\ VWXGLHG LQD%L VDPSOHZKLFKFRQWDLQV VHYHUDODQWLGRWDUUD\VRIGLIIHUHQW
DQWLGRWGLDPHWHUV>@6LQFHWKHYRUWH[VWDWHRQSHULRGLFSLQQLQJSRWHQWLDOVZDVSUREHGRQO\E\WKHLQSODQHYRUWH[IORZ
PHDVXUHPHQWVLQRXUFDVHRUWKHPDJQHWRRSWLFDOPDJQHWL]DWLRQPHDVXUHPHQWV>@VRIDUZHKDYHSHUIRUPHGWKHcD[LV
WUDQVSRUWPHDVXUHPHQWV XVLQJ WKH LQWULQVLF -RVHSKVRQ MXQFWLRQ¶V ,--¶V VWDFNVZKLFK FDQJLYHXV LQIRUPDWLRQRQ WKH
FRUUHODWLRQVRIWKHSDQFDNHYRUWLFHVDORQJWKHcD[LV>@,QWKLVSDSHUZHSUHVHQWWKHPDJQHWLFILHOGGHSHQGHQFHRIWKH
cD[LVFULWLFDOFXUUHQWVIFLQ%LZLWKDVTXDUHODWWLFHRIDQWLGRWVWRJHWKHUZLWKWKHUHVXOWVLQWKHFDVHRIQRDQWLGRW
:KLOHIFLVFHUWDLQO\DEOHWRFDWFKWKHYRUWH[ODWWLFHPHOWLQJWUDQVLWLRQLQWKHVDPSOHZLWKRXWDQWLGRWVLWFDQDOVRSUREH
WKHHQKDQFHPHQWVRIWKHcD[LVFRXSOLQJRIWKHSDQFDNHYRUWLFHVE\WKHPDWFKLQJHIIHFW
2. Experimental 
+LJKTXDOLW\ VLQJOHFU\VWDOVRI%LZHUHJURZQE\ WKH WUDYHOLQJVROYHQW IORDWLQJ]RQH WHFKQLTXH >@7RIRUP
WKHsVKDSH,--¶VVWDFNVHHWKHLQVHWRI)LJWKHGRXEOHVLGHHWFKLQJSURFHVVZDVHPSOR\HG>@)LUVWDQDUURZVOLW
ZDV IDEULFDWHG E\ IRFXVHG LRQ EHDP ),% RQ WKH VXUIDFH RI EXON FU\VWDOV $IWHU WKH VXUIDFH ZDV JOXHG RQ D0J2
VXEVWUDWHXVLQJSRO\LPLGHWKHRSSRVLWHVXUIDFHRIWKHFU\VWDOZDVUHSHDWHGO\FOHDYHGE\DGKHVLYHWDSHVWRPDNHLWDWKLQ
ILOPRIVXEPLFURQWKLFNQHVVQP)ROORZLQJWKHGHSRVLWLRQRI WKLQ$XOD\HUQPWKHILOPZDVSDWWHUQHG
IRU WKH WHUPLQDOV UHVLVWDQFH PHDVXUHPHQWV E\ SKRWROLWKRJUDSK\ DQG $U LRQ PLOOLQJ 7KH sVKDSH ,--¶V VWDFN LV
FRPSOHWHGE\WKH),%PLOOLQJRIDQRWKHUVOLW7KHDQWLGRWDUUD\ZDVILQDOO\LQWURGXFHGXVLQJWKH),%7KHGRVHDPRXQW
Q&FPRIWKHEHDPXVHGWRPDNHWKHWKURXJKKROHVFRUUHVSRQGVWRWKHPLOOHGWKLFNQHVVRIPPLQRXUH[SHULPHQWDO
FRQGLWLRQ7KHPDLQSDUWRIWKHIDEULFDWHGVDPSOHLVVFKHPDWLFDOO\GUDZQLQWKHLQVHWRI)LJ7KHSDWWHUQRIDQWLGRW
DUUD\ LV WKH VTXDUH ODWWLFH RI PP ODWWLFH FRQVWDQW 7KH GLDPHWHU RI WKH DQWLGRW LV DERXW  QP ,Q '& UHVLVWDQFH
PHDVXUHPHQWV ZLWK WKH FXUUHQW RI  P$ DQG WKH IV PHDVXUHPHQWV WKH PDJQHWLF ILHOG ZDV DOZD\V DSSOLHG
SHUSHQGLFXODUWRWKH abSODQH㩷
3. Results and discussions 
7HPSHUDWXUHGHSHQGHQFHRIUHVLVWDQFHLQWKHVDPSOHEHIRUHDQGDIWHUWKH LQWURGXFWLRQRIWKHDQWLGRWVDUHVKRZQLQ
)LJ LQGLFDWLQJDW\SLFDOXSWXUQEHKDYLRURIWKHcD[LVUHVLVWDQFHLQ%L%\WKHIDEULFDWLRQRIWKHDQWLGRWODWWLFH
UHVLVWDQFHDWURRPWHPSHUDWXUHVLQFUHDVHVE\ZKLOHWKHLQYHUVHRIFURVVVHFWLRQDODUHDLQFUHDVHVRQO\E\WKH
SHUIRUDWLRQ6LQFHTFLVDOVRVXSSUHVVHGE\.DIWHUWKHDQWLGRWIDEULFDWLRQWKHVHPLJKWEHDVLJQRIFKDQJHRIGRSLQJ
OHYHO WR WKH XQGHUGRSH VLGH DQGRU ZHDN GHJUDGDWLRQ GXULQJ WKH ),% PLOOLQJ +RZHYHU WKH VKDUSQHVV RI WKH
VXSHUFRQGXFWLQJWUDQVLWLRQLVDVXSSRUWRIILQHVDPSOHTXDOLW\
)LUVW ZH LQYHVWLJDWHG WKH YRUWH[ VWDWHV E\ WKH cD[LV FULWLFDO FXUUHQW IF PHDVXUHPHQWV EHIRUH WKH LQWURGXFWLRQ RI
DQWLGRWVIRUFRPSDULVRQ)LJXUHDVKRZVIFDVDIXQFWLRQRIPDJQHWLFILHOGHDW.7ZRFKDUDFWHULVWLFIHDWXUHVDUH
IRXQGDQUHGXFWLRQRIIFDERYH2HDQGDGLSVWUXFWXUHLQ2H7KHUHGXFWLRQRIIFLVFRUUHVSRQGLQJWRWKHILUVW

)LJ7HPSHUDWXUHGHSHQGHQFHRIcD[LVUHVLVWDQFHEHIRUHDQGDIWHUWKHLQWURGXFWLRQRIDQWLGRWODWWLFH7KHLQVHWLVDVFKHPDWLFGUDZLQJRID
IDEULFDWHGVDPSOHZLWKDVTXDUHODWWLFHRIDQWLGRWVIRUcD[LVWUDQVSRUWPHDVXUHPHQWV
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)LJ  D 0DJQHWLF ILHOG GHSHQGHQFH RI WKH FULWLFDO FXUUHQW LQ WKH VDPSOH EHIRUH DQWLGRW LQWURGXFWLRQ DW  . 7KH YROWDJH FULWHULRQ IRU WKH
GHWHUPLQDWLRQRIIFLVP9EHTGLDJUDPFRQVWUXFWHGIRUPWKHUHVXOWVRIIFH7KHVROLGFLUFOHVVKRZWKHILHOGRIVKDUSHQKDQFHPHQWVRI IF
LQGLFDWLQJWKHYRUWH[ODWWLFHPHOWLQJWUDQVLWLRQ7KHKDWFKHGDQGVKDGRZDUHDVPHDQKLJKHUIFDUHDWKDQP$7KHVKDGRZDUHDO\LQJRQWKH]HUR
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cD[LVWUDQVSRUWPHDVXUHPHQWVDVDVHQVLWLYHSUREHRIYRUWH[VWDWHV2QWKHRWKHUKDQG WKHGLSVWUXFWXUHKDVQRWEHHQ
UHSRUWHG H[SOLFLWO\ EXW LV RIWHQ REVHUYHG LQ RXU H[SHULPHQWV $FWXDOO\ WKH VLPLODU IHDWXUH FDQ EH DOVR VHHQ LQ RXU
UHSRUWHGGDWD>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ILHOGHPTDQGWKHFRQWRXUOLQHVIRUIF P$DUHSORWWHGLQ)LJE7KHGLSVWUXFWXUHVDUHREVHUYHGLQDJDSUHJLRQ
EHWZHHQWKHKDWFKHGDQGVKDGRZDUHDLQWKHSKDVHGLDJUDP$VGLVFXVVHGLQRXUSDSHU>@ WKHYRUWH[VWDWHXQGHUWKH
FXUUHQWSDUDOOHOWRWKHGLUHFWLRQRIYRUWH[OLQHLVPRGLILHGEHFDXVHRIWKHHQKDQFHPHQWRIIOXFWXDWLRQ6DYHO¶HYet alKDV
WKHRUHWLFDOO\ SUHGLFWHG D UHHQWUDQFH RI WKH PHOWLQJ WUDQVLWLRQ LQ WKH YLFLQLW\ RI WKH ]HUR ILHOG IRU WKH YRUWH[ VWDWH LQ
%L>@,QWKHSURSRVHGYRUWH[SKDVHWKHUHJLRQRIWKHORZILHOGYRUWH[OLTXLGORFDWHVDWYHU\VLPLODUSRVLWLRQWR
WKH ORZIF JDS RI )LJE7KH㩷 REVHUYHG GLS VWUXFWXUHV RI IFPLJKW KDYH D UHODWLRQZLWK WKH HQKDQFHPHQW RI YRUWH[
IOXFWXDWLRQE\WKHSDUDOOHOFXUUHQW
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)LJD0DJQHWLFILHOGGHSHQGHQFHRIWKHFULWLFDOFXUUHQWLQWKHVDPSOHDIWHUWKHDQWLGRWLQWURGXFWLRQDWDQG.7KHYROWDJHFULWHULRQIRU
WKHGHWHUPLQDWLRQRIIFLVP9/DEHOVRQWKHSHDNVPHDQWKHQXPEHUQRIWKHLQWHJHUPDWFKLQJILHOGQÂH$UURZVLQGLFDWHWKHSHDNVRIIFE\WKH
IUDFWLRQDOPDWFKLQJHIIHFWRIDQGEHTGLDJUDPFRQVWUXFWHGIRUPWKHUHVXOWVRIIFH7KHFRQWRXUOLQHVIRUWKHcD[LVFULWLFDOFXUUHQWVRI
DQGP$DUHGUDZQZKHUHWKHEROGOLQHVDUHRIDQGP$7KHDUURZVLQGLFDWHWKHSHDNVE\WKHLQWHJHUPDWFKLQJHIIHFW
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1H[WZHHYDOXDWHGIFXVLQJWKHVDPHVDPSOHDIWHUWKHLQWURGXFWLRQRIWKHVTXDUHDUUD\RIDQWLGRWV7KHPDJQHWLFILHOG
GHSHQGHQFHDWDQG. LV VKRZQ LQ)LJ D 7KHSHDNVRI IF DSSHDU LQ WKH LQWHJHUDQG IUDFWLRQDOPDWFKLQJ
ILHOGVDVLQGLFDWHGLQWKHILJXUH7KHVHSHDNVPHDQWKDWWKHcD[LVFRXSOLQJRIWKHSDQFDNHYRUWLFHVDUHVWUHQJWKHQHGLQ
WKHPDWFKLQJILHOGVXJJHVWLQJ WKDWPRUHYRUWLFHV WHQG WRDOLJQDORQJ WKHcD[LVGLUHFWLRQ$V WKHUH LVQRFOHDUVWHSRU
MXPSRIIFOLNHWKDWREVHUYHGLQQRDQWLGRWVDPSOHLWLVGLIILFXOWWRGHWHUPLQHWKHSKDVHERXQGDU\RIWKHSLQQHGYRUWH[
VROLGDQG OLTXLGSKDVHVVXUHO\$QRWKHUSRLQWZKLFKPDNHVKDUGHU WRSUREH WKHYRUWH[VWDWHV LV H[LVWHQFHRIDSODWHDX
DURXQGWKH]HURILHOGLQFRQWUDVWWR)LJDRIWKHQRDQWLGRWVDPSOH,QWKHSODWHDXUHJLRQWKHUHLVDOPRVWQRVWUXFWXUH
GHSHQGLQJRQ WKHPDJQHWLF ILHOG7KHcD[LV WUDQVSRUWSURSHUWLHVPD\QRW UHIOHFW WKHYRUWH[DOLJQPHQWV LQ WKLV UHJLRQ
DQ\PRUHSUREDEO\FDXVHGE\WKHVXSSUHVVLRQRIWKHPD[LPXPIFLQKHUHQWWRWKHMXQFWLRQVGXULQJWKHLQWURGXFWLRQRIWKH
DQWLGRWODWWLFH
+RZHYHULWLVSRVVLEOHWRURXJKO\NQRZWKHEHKDYLRURIWKHSKDVHERXQGDU\EHWZHHQWKHYRUWH[VROLGDQGOLTXLGE\
GUDZLQJWKHFRQWRXUPDSRIIFLQHTGLDJUDPXVLQJVRPHFXUUHQWOHYHOVZKLFKHQDEOHWRGHWHFWWKHPHOWLQJWUDQVLWLRQ
,QQRDQWLGRWFDVHWKHFXUUHQWOHYHORIWRP$VHSDUDWHVWKHWZRSKDVHVDVVKRZQLQ)LJD)LJXUHELVWKH
FRQWRXUOLQHVIURPWRP$SORWWHGLQHTGLDJUDP7KHUHDUHSHDNVWUXFWXUHVLQWKHFRQWRXUOLQHVSRLQWHGE\WKH
DUURZVLQGLFDWLQJWKHVWDELOL]DWLRQRIWKHVROLGSKDVHE\WKHLQWHJHUPDWFKLQJHIIHFW,QWHUHVWLQJO\WKHDSSHDUDQFHRIWKH
SHDNVLVGLIIHUHQWLQHDFKPDWFKLQJQXPEHU)RULQVWDQFHWKHWHPSHUDWXUHVDWWKHSHDNVLUUHJXODUO\GURSIURPVHFRQGWR
WKLUGRQHHVSHFLDOO\LQWKHKLJKIFFRQWRXUOLQHV7KLVLUUHJXODULW\RIWKHPDWFKLQJHIIHFWSUREDEO\UHODWHVWRWKHDQWLGRW
GLDPHWHUZKLFK KDV EHHQ REVHUYHG LQ RXU SUHYLRXV H[SHULPHQW XVHG WKH LQSODQH YRUWH[IORZ UHVLVWDQFH >@ )XUWKHU
LPSURYHPHQWRIVDPSOHIDEULFDWLRQVWRZDUGOHVVGDPDJHHQDEOHVXVWRDSSURDFKWKHGHWDLOVWUXFWXUHRIYRUWH[SKDVHVLQ
WKH%LZLWKDQWLGRWODWWLFHV
,Q FRQFOXVLRQZH KDYHPHDVXUHG WKH cD[LV FULWLFDO FXUUHQW LQ D VWDFN RI WKH LQWULQVLF -RVHSKVRQ MXQFWLRQVZLWK D
VTXDUHODWWLFHRIDQWLGRWVWRVWXG\WKH cD[LVFRUUHODWLRQRIWKHSDQFDNHYRUWLFHVDQGWKHSKDVHERXQGDU\LQ%LKLJK
TFVXSHUFRQGXFWRUZLWKSHULRGLFSLQQLQJSRWHQWLDOV:LWKRXWWKHDQWLGRWDUUD\WKHcD[LVFULWLFDOFXUUHQWIDLUO\SUREHVWKH
ILUVWRUGHUYRUWH[ODWWLFHPHOWLQJWUDQVLWLRQDQGDGGLWLRQDOO\VKRZVDVXSSUHVVLRQRIWKHFULWLFDOFXUUHQWLQWKHYLFLQLW\RI
]HURPDJQHWLFILHOGZKLFKPD\EHUHODWHGWRWKHLQVWDELOLW\RIYRUWH[ODWWLFHXQGHUWKHSDUDOOHOFXUUHQWIORZ:LWKWKH
DQWLGRW DUUD\ HQKDQFHPHQWV RI WKH FULWLFDO FXUUHQW GXH WR WKH PDWFKLQJ HIIHFW DUH REVHUYHG LQ ERWK WKH LQWHJHU DQG
IUDFWLRQDOPDWFKLQJILHOGV7KHUHLVDQLUUHJXODULW\LQWKHDSSHDUDQFHRIWKHPDWFKLQJHIIHFWVLQHTGLDJUDPURXJKO\
FRQVWUXFWHGE\PDSSLQJRIWKHcD[LVFULWLFDOFXUUHQW
Acknowledgements 
7KLVZRUNLVSDUWLDOO\VXSSRUWHGE\.$.(1+,RIWKH0LQLVWU\RI(GXFDWLRQ&XOWXUH6SRUWV6FLHQFHDQG
7HFKQRORJ\0(;7-DSDQ
References 
>@$7)LRU\$)+HEDUG66RPHNK$SSO3K\V/HWW32
>@.+DUDGD2.DPLPXUD+.DVDL70DVWXGD$7RQRPXUD6FLHQFH274
>@-,0DUWLQ09HOH]-1RJXHV,.6FKXOOHU3K\V5HY/HWW79
>@62RL70RFKLNX6<X(66DGNL.+LUDWD3K\VLFD&426-431
>@62RL70RFKLNX6,VKLL6<X.+LUDWD3K\VLFD&445-448
>@62RL70RFKLNX.+LUDWD3K\VLFD&463-465
>@62RL70RFKLNX.+LUDWD3K\VLFD&471
>@6*ROGEHUJ<6HJHY<0\DVRHGRY,*XWPDQ1$YUDKDP05DSSDSRUW(=HOGRY77DPHJDL&:+LFNV.$0RORU3K\V5HY
%79
>@62RL70RFKLNX.+LUDWD3K\V5HY%76
>@0RFKLNX7+LUDWD..DGRZDNL.3K\VLFD&282-287
>@+%:DQJ3+:X7<DPDVKLWD$SSO3K\V/HWW78
>@66DYHO¶HY&&DWWXWR)1RUL3K\V5HY%675
